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Abstract

We studied the Armillaria population in a forest of natural pedunculate oak subject to periodic fl ooding 
and showing symptoms of oak decline. The study area was in Wołów Forest District in the Oder River 
Valley fl ood plain. Armillaria DNA was isolated by direct extraction from rhizomorphs and mycelium in 
soil and root samples. Armillaria species were identifi ed by PCR-RFLP of IGS-1 rDNA using the restriction 
enzymes AluI, TaqI, MspI, and BsmI. Rhizomorphs were found in 10 out of 12 sites. The number of soil 
rhizomorphs collected (0-28 in 100 kg of soil per sampling site) often differed signifi cantly between sites. 
The mean number of soil rhizomorphs per sample was signifi cantly less in fl ooded sites (0.30 or 0.46) than 
in the non-fl ooded control (1.16), and insignifi cantly less in sites fl ooded once (0.30) than in sites fl ooded 
twice (0.46). Comparison of the RFLP patterns for Armillaria samples from the oak forest with those 
for Armillaria testers showed them to be A. borealis (two DNA samples), A. cepistipes (seven samples), 
A. gallica (150 samples), and A. solidipes (one sample). RFLP patterns for Taq1 were unfamiliar, since this 
enzyme has rarely been used, while A. cepistipes gave a rare pattern with AluI, known previously only from 
Japanese isolates of this fungus. Since AluI and TaqI each produced a similar pattern for A. borealis and 
A. solidipes, an additional functionally effi cient enzyme, BsmI, was used. These results and those from other 
Armillaria population studies showed that fl ooding affected the abundance of soil rhizomorphs, but not 
the diversity of Armillaria species. The decreased abundance of Armillaria rhizomorphs in soil subjected 
to fl ooding may be indicative of the fl ooded soil syndrome in which general loss of fungi occurs. Flooding 
may still be considered, however, to be a short-term inciter and stress inducer, occurring between “primary” 
factors and “secondary” agents that predispose the tree to infection. This is the fi rst report on populations of 
Armillaria in declining oaks in fl ood-plain forests in the northern hemisphere.
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Introduction

Pedunculate oak (Quercus robur L.) is the most valu-
able forest-forming deciduous tree species in Poland in 
terms of economic and ecological value. It accounts for 
approximately 7% (630,000 hectares) of total forest area 
[1]. The health of oak stands has decreased recently and 
mass oak decline has been observed throughout Poland 
[2]. Frost damage, which leads to xylem embolism, in 
combination with periods of drought, is regarded as the 
driving force leading to crown dieback in hardwoods. 
In oak decline the emphasis is put on the occurrence of 
drought before disease onset or on enhancement of dis-
ease progress.  As a consequence of lower vitality, oak 
stands are susceptible to soil-borne pathogens (e.g., 
Phytophthora, especially P. quercina T. Jung and Armil-
laria) and insects (Agrilus) [3]. Long-term oak decline is 
imminent, with implications for the future status of oak 
forests in Europe [4].

In Wołów Forest District the most valuable and 
important stands, including pedunculate oak, grow in 
the Oder River Valley. Oak, with an admixture of other 
broadleaved tree species, occupies 66,429 ha (13.3% of the 
forest area) in the valley. Considering its high requirement 
for water (the mean daily water consumption of a 
33 m oak is 174-460 kg/day), pedunculate oak gener-
ally prefers moist conditions created by rivers. Recent-
ly, however, trees have shown symptoms of oak decline. 
Many of the most valuable stands are in the fl ood plain of 
alluvial, moist lowland forests that they are flood-depen-
dent ecosystems. Plants in these forests rely on well-timed 
periodic fl oods for regeneration of sites. The Oder River 
fl ood plain forests are listed in Annexe I of the European 
Habitats Directive as among “Europe's most threatened 
natural ecosystems” and as being a “priority forest habitat 
type” [5]. 

Very high precipitation (300-600 mm over a few 
days) caused the Oder River to fl ood in June-July 1997. 
It was the most disastrous fl ood in the history of Poland. 
Flooding was very rapid; water levels rose by up to 4 m in 
half a day and remained stagnant for three months. More 
than 13,300 ha of forests, including more than 2,000 ha 
in Wołów Forest District, were fl ooded. The next fl ood 
in this region occurred in May 2010. Although short-
er, it was more severe than the previous one. In Wołów 
Forest District, however, water stayed for only one month. 
Although forest sites in the fl ooded area were not eroded, 
stagnant water increased anaerobic processes in the soils.

Flooding affects most plants. Excessive soil moisture 
usually decreases oxygen levels. This impedes respiration 
and releases energy from sugars, and in anaerobic 
conditions favours the formation of carbon dioxide, 
toxic ethanol, methane, nitrogenous gases, and hydrogen 
sulphide. Ultimately, the roots can suffocate and die. Rapid 
fl ushes of water can also wash away the surrounding soil, 
increasing exposure of roots to the air. Even after the fl ood 
waters recede, the damaged plants are more vulnerable to 
other stressors such as wind, which may cause uprooting. 
Plants suffering from excess-water stress are more 

susceptible to infection by phytopathogens, including 
fungi. Also, excessively wet soil tends to favour the 
growth of soil-microorganisms, including soil-borne and 
root-rot pathogens. Symptoms of infection and damage 
often appear after many months or years.

It was hypothesized that the two fl ood events 
contributed to the oak decline in Wołów Forest District. 
These could be the “primary” stress factor that increased 
tree susceptibility to the root pathogens Phytophthora and 
Armillaria. 

Armillaria root rot is one of the most dangerous tree 
diseases in the northern hemisphere [6-8]. In Poland in 
2012 the pathogen was found to occur with high incidence 
across 99,215 ha [2]. At present, more than 40 species of 
Armillaria have been described. Seven species, includ-
ing A. borealis Marxm. et Korhonen, A. cepistipes Velen, 
A. ectypa (Fr.) Lamoure, A. gallica Marxm., A. mellea 
(Vahl: Fr.) Kumm., A. solidipes (Peck), and A. tabescens 
(Scop.: Fr.) Emel. occur in Europe. Only A. ectypa has not 
been reported from Poland [7]. 

Armillaria solidipes is considered to be the main 
pathogen in coniferous stands in Europe. It causes particu-
larly high losses in Poland [2, 7-9]. It dominates in fresh 
mixed coniferous forest, particularly on younger trees. It 
may, however, also colonize deciduous species, including 
oak, beech, and birch. The relative importance of A. solidi-
pes increases when conifers replace hardwoods [2, 6]. 

Two species of Armillaria; A. gallica and A. cepistipes 
may colonize deciduous trees and its wood. In Poland, the 
former is frequently reported on Quercus, particularly on 
stressed trees including large-sized specimens, often in ar-
eas with disturbed water relations [10]. Armillaria cepis-
tipes has been found on old oaks, beech trees, and dead 
willow wood. It also colonizes coniferous species and 
in Poland was detected in older Norway spruce and fi r 
stands, occurring in most forest site types [10]. Both spe-
cies are considered to be weak pathogens [11]. 

Fig. 1. Map of Poland with sites surveyed in Wołów Forest 
District.
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Armillaria gallica is the species that produces the 
greatest number of rhizomorphs. Armillaria cepistipes 
also produces thick, strong, and intensively branched 
rhizomorphs [11]. Rhizomorphs form a dense network 
in the upper layers of forest soils and easily reach and 
colonize wood. 

There is a lack of data on Armillaria occurring in oak 
stands in fl ood plains.The aims of this research were to 
document species of Armillaria present in fl ood-plain oak 
stands in Wołów as well as to determine distribution and 
relative abundance of Armillaria in an attempt to eluci-
date factors contributing to the oak decline observed in the 
Oder River Valley. Armillaria species were identifi ed by 
analysis of conserved regions of the ribosomal RNA gene 
(rDNA), i.e. IGS-1 rDNA. 

Materials and Methods

Site Description, Experimental Design, 
and Sampling of Roots

The study was made in 12 sites (11 + control) in 
fl ood-plain forest of natural pedunculate oak in Wołów 
Forest District, located in the Oder River Valley, Low-
er Silesia, Poland (51°34'13"N 16°62'83"E) in 2011-13 
(Fig. 1). Admixture species in the surveyed sites included 
sessile oak (Quercus petraea (Matt.) Liebl.) (40%), com-
mon alder (Alnus glutinosa Gaertn.) (20%), small-leaved 
lime (Tilia cordata Mill.) (10-20%), and silver birch 
(Betula pendula Roth.) (10%). Sites were located 
270-1,700 m from the river. Sites 1, 2, 5, 6, 7, 11, and 
12 were subjected to periodic fl ooding for three months 
in 1997 and one month in 2010. Sites 4, 8, 9, and 
10 were subjected to fl ooding for three months in 1997. 
Site 3 was the control area not subjected to fl ooding 
and located 12 km away on lessive, arable soils of very 
good quality (class II). Lower Silesia is a very good area 
for plant production because of its mild winters, warm 
summers, and long growing season (average 226 days). 
The mean annual precipitation is low (612 mm) and the 
mean annual temperature is relatively high (8.2ºC) (data 
from the period 2000-10). All surveyed sites had the 
same site type (fl ood-plain forest), soil type (alluvial), 
and broadly similar age of trees (45-) 50-100 years. The 
study was made in managed stands that had been thinned 
in 1990.

In summer 2013, samples of soil (25 x 25 x 25 cm = 
4 kg) were collected from the layer 0-25 cm deep at six 
evenly distributed locations in each of four 1,000 m2 plots 
in an area of 1 ha at each site. Soil was sieved through a 
1 cm mesh for collection of rhizomorphs. Three oak trees 
within the 1 ha area at each site were randomly selected 
for further sampling of roots. All trees showed moderate 
symptoms of oak dieback including smaller, pale green 
or yellow leaves, increased defoliation, and death of fi ne 
twigs, followed by death of small and large branches. In 
August 2013, roots of oaks were carefully excavated from 
a soil-profi le pit and roots with Armillaria rhizomorphs 

or mycelium (if present) were collected from a depth of 
0.5-1 m. 

Isolates, DNA Extraction, PCR Amplifi cation, 
and RFLP Analysis

One-hundred and sixty samples of Armillaria rhi-
zomorphs from soil (139 samples) and roots (7 sam-
ples), and mycelium from roots (14 samples) were col-
lected from 10 sites. No rhizomorphs or mycelium were 
found at sites 6 or 9. Rhizomorphs and mycelium were 
frozen, lyophilized, and ground in liquid nitrogen. DNA 
was extracted with the Bead-Beat Micro Gravity Kit 
(A & A Biotechnology) from 10 mg samples of pow-
dered mycelium. DNA extracts were diluted 10-fold with 
sterile distilled water to be used as a template for the 
polymerase chain reaction. In addition, haploid tester iso-
lates (A. borealis, A. cepistipes, A. gallica, A. mellea, and 
A. solidipes) were used for comparative analyses. They 
were grown in 2% malt extract broth (MEB; Difco malt 
extract 20 g l-1) at 24ºC for three weeks in darkness. The 
mycelium was harvested with a strainer, lyophilized, and 
ground to a fi ne powder, and DNA was extracted. The 
IGS-1 rDNA (between the 3’ end of the LSU 28S rDNA 
and the 5’ end of the 5S gene) was amplifi ed with PCR 
primer pairs 5SA (5’ CAGAGTCCTATGGCCGTGGAT 
3’) and CNL12 (5’ CTGAACGCCTCTAAGTCAG 3’) 
[37, 38]. Each 25 μl PCR mixture included 0.2 μM of 
each primer, 2 x PCR MixPlus (Taq DNA polymerase 
0.1 U μl-1, 4 mM MgCl2, 2 mM deoxyribonucleoside 
triphosphates (dNTPs)) and 100 ng of DNA (A&A Bio-
technology, Poland). PCR included an initial denaturation 
step at 94ºC for 5 min followed by 30 cycles of 94ºC for 
30 s, 42ºC for 1 min, and 72ºC for 2 min, fi nal extension 
at 72ºC for 10 min, and then cooling at 4ºC. Amplifi ca-
tion was carried out in a T3 thermocycler (Biometra, 
GmbH, Göttingen, Germany). The amplifi ed regions 
included 800-880 bp. The amplifi ed products of the IGS-
1 region were subjected to RFLP analysis using restric-
tion enzymes AluI, TaqI, MspI, and BsmI (MBI Fer-
mentas, St. Leon-Rot, Germany). The PCR reaction mix 
(18 μl) was subjected to digestion by 10 U of enzyme for 
12 h at 37ºC (AluI, MspI or BsmI) or 6 h at 65ºC (TaqI). 
The products were electrophoresed in gels (2% NuSieve 
agarose, Cambrex, BioScience, Wokingham, UK + 1% 
standard agarose) in 1 x TBE and stained with ethidium 
bromide at 0.5 μg ml-1. Restriction digestion patterns were 
compared for each enzyme. DNA band sizes were deter-
mined by comparison with bands of a φχ174 DNA HaeIII 
digest and the Low DNA Mass Ladder (Invitrogen Ltd., 
Paisley, UK) using GeneTools gel analysis Software (Syn-
gene). Fragments smaller than 100 bp were not scored be-
cause they could not be distinguished from primer dimers. 
Two fragments with difference <10 bp were considered 
identical. The amplifi ed fragments of IGS-1 rDNA of Ar-
millaria testers were purifi ed using Clean-Up Kit (A & 
A Biotechnology, Gdańsk, Poland), amplifi ed with 5SA 
and CNL12 primers, and sequenced at the DNA Research 
Centre (Poznań, Poland) using the BigDye1 Terminator 
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v 3.1 Cycle Sequencing Kit (AB Applied Biosystems, 
Foster City, CA, USA) and ABI PRISM 3100 Genet-
ic Analyzer (Applied Biosystems, Foster City, USA). 
Sequences were queried against the GenBank database us-
ing BLAST. Sequences of IGS-1 rDNA of Armillaria tes-
ters were deposited in NCBI GenBank (Table 1).

Assessment of Tree Defoliation

In August 2011, 2012, and 2013, defoliation of each 
sampled oak tree was assessed according to Borecki and 
Keczyński [12]. The degree of defoliation was classifi ed 
according to the European classifi cation [13]. Mean 
defoliation in three years was calculated.

Statistical Analysis

The statistical signifi cance of difference between 
the numbers of Armillaria rhizomorphs detected in sites 
flooded twice (in 1997 and 2010) and once (in 1997) was 
determined by Chi-squared (χ2) test. The coeffi cients of 
genetic similarity (S) between the DNA samples studied 
(from rhizomorphs or mycelium) and between DNA sam-
ples and testers were calculated using the formula of Nei 
and Li [14]: 

Sij = 2Nij/(Ni+Nj)

…where Nij = the number of shared alleles for two (i-th 
and j-th) DNA samples, Ni = the number of alleles present 
in the i-th sample, and Nj = the number of alleles pres-
ent in the j-th sample. The data were scored and entered 
in a computer as binary matrices where 0 coded for the 
absence and 1 for the presence of a band formed by RFLP 
of IGS-1 rDNA. The principal component and the average 
linkage cluster analyses were performed using the statisti-
cal package GenStat v. 7.1.

The relationship between the number of rhizomorphs 
in soil and mean tree defoliation in 2011-13 and dis-
tance (m) from the river was estimated using Pearson’s 
correlation coeffi cient.

Results

Armillaria rhizomorphs were detected in 10 out of 12 
sites (Table 2). There were often signifi cant differences 
between fl ooded sites in the number of soil rhizomorphs 
collected, which ranged between 0 and 28. There were sig-
nifi cantly fewer soil rhizomorphs per sample in fl ooded 
sites (0.30 or 0.46) than in the non-fl ooded control (1.16), 
and non-signifi cantly fewer in sites fl ooded once (0.30) 
than in sites fl ooded twice (0.46). Rhizomorphs and my-
celium were also detected on the sampled roots (Table 
1). There was moderate positive correlation between the 
number of rhizomorphs in soil and distance from the river 
(r = 0.630 at P ≤ 0.001).

The IGS-1 rDNA was successfully amplifi ed directly 
from all samples of Armillaria rhizomorphs and mycelium 
using primers 5SA and CNL12 with the method described 
for amplifi cation from freeze-dried mycelium. For 160 
isolates, PCR amplifi cation of the IGS-1 rDNA yielded 
single strong bands of 600-650 bp. RFLP patterns of 
IGS-1 rDNA with AluI, TaqI, MspI, and BsmI yielded 
2-4 fragments of rDNA (Table 1). Testers of A. borealis, 
A. cepistipes, A. gallica, and A. solidipes gave AluI, 
TaqI, MspI, and BsmI patterns typical for the particular 
species [15-17]. Comparison of patterns for the rhizomorph/
mycelium samples with patterns for testers showed that 
A. borealis (two samples), A. cepistipes (seven samples), 
A. gallica (150 samples), and A. solidipes (one sample) 
were present (Table 1). Patterns for the rhizomorph/
mycelium samples and the testers often differed indistinctly 
because of small differences in the number of nucleotides 
(10-15 bp) in the particular region. Inclusion of all these 
small differences in the statistical analyses was the main 
reason for low values of genetic similarity coeffi cients 
(S) between two isolates of the same species (Table 3). 
AluI, TaqI, and MspI each produced two patterns for 
A. cepistipes. AluI produced four patterns, TaqI two 
patterns, and MspI seven patterns for A. gallica.

The mean defoliation in 2011-13 of the trees sampled 
was between 15% and 46% (Table 2). There was moderate 
positive correlation between the number of rhizomorphs 

Table 2. Number of the soil Armillaria rhizomorphs and mean defoliation of the sampled trees (2011-2013) at 12 sites that were fl ooded 
twice (1997 and 2010), once (1997) or not fl ooded.

Site number

1 2 5 6 7 11 12 4 8 9 10 3

Flooded  twice Flooded  once Not 
fl ooded

No. rhizomorphs 
per 100 kg soil*

12a,c 28a,b,d,e, f 10b 0c,d,g,i 18e,g,h,j 4f,h 8i,j 8 6k 0l 16k,l 29

No. rhizomorphs per sample 0.48 1.12 0.4 0 0.72 0.16 0.32 0.32 0.24 0 0.64 1.16

Mean no. isolates per sample* 0.46a 0.30b 1.16 a,b

Mean tree defoliation 24 37 24 15 46 41 28 21 30 20 30 42

*The same letter in a row shows statistically signifi cant difference between number of rhizomorphs or isolates according to χ2 tests 
at P = 0.05 and P = 0.001.
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in soil and mean tree defoliation in 2011-13 (r = 0.656 at 
P ≤ 0.001). 

Discussion

The “host-stress-saprogen concept model for forest 
dieback-decline diseases” of Houston [18] considers de-
cline to be disease caused by successive action of stress 
factors followed by organisms of secondary action (sap-
rogens), which can only successfully attack the weakened 
hosts. The model is based on the generally accepted theory 
of stress-induced predisposition of trees to pathogen/pest 
attack.

Abiotic and biotic stress factors affected the vitality of 
natural oaks in the Oder River Valley. Damage caused by 
animals (browsing), insects (defoliation), fungi (necrosis 
caused by Erysiphe alphitoides Griffon & Maublanc), 
drought, and the sun’s radiation (discoloration) were 
common [19, 20]. Periodic fl ooding along the river usually 
resulted from heavy rain or melting snow, which caused 
the river to overfl ow its banks. Flooding may be included 
in the “drought” category because, by interfering with wa-
ter uptake in oxygen-deprived roots, it causes “physio-
logical drought.” These were the “primary” stress factors. 
They had an effect at the beginning of the causative chain 
of the observed oak decline process. The “secondary” fac-
tors, including organisms as contributing agents, operate 
at the end of the causative chain. 

In Houston’s examples, oaks with the decline syn-
drome were often infected by species of Armillaria [18]. 
Different species of Armillaria in different situations can 
be “secondary” agents. Armillaria gallica has been the 
species most often detected on oak in the northern hemi-
sphere. This species was associated with oak decline in 
Austria, France, Italy, and Poland, and with widespread 
mortality of oaks in Arkansas and Missouri, USA, in 
mixed hardwood forests in California, USA, and also of 
conifers in southern Ontario, Canada [21-26].

Four species of Armillaria were identifi ed in fl ood-
plain oak forests in the present study. Armillaria gallica 
was the most common (94% of rhizomorphs/mycelia). 
It was accompanied by A. cepistipes (4%), A. borealis 
(1%), and A. solidipes (1%). The Armillaria population 

observed in the Oder River Valley was similar to that ob-
served in stressed oaks, which were often diseased and 
sometimes dead in non-fl ooded forest in central-west Po-
land in 1998 [21]. The most common species there was 
also A. gallica, which was accompanied, as in the present 
study, by A. solidipes (7% of isolates) and A. cepistipes 
(3% of isolates). 

Increased soil moisture has been associated with 
increased severity of Armillaria root rot in oak, chestnut, 
larch, rubber trees, and fruit trees [27]. Reports have not, 
however, associated increased severity of Armillaria with 
an increased number of rhizomorphs, which could have 
occurred in moist conditions. The present results from the 
Oder Valley show that periodic fl ooding may decrease the 
number of A. gallica rhizomorphs in soil. Signifi cantly 
fewer soil rhizomorphs were collected from fl ooded sites 
than from the non-fl ooded site. This is in accordance 
with the general behaviour of the wood-decaying 
Basidiomycota, which grow more slowly at higher water 
content.

Fewer rhizomorphs in moist soil may be attributed to 
the dependence of rhizomorphs on an adequate supply 
of oxygen. Aeration is an important factor governing 
rhizomorph formation and extension. A submerged 
Armillaria thallus produces mycelium, but rhizomorphs 
only in certain, moderately aerated conditions. Optimal 
growth of rhizomorphs occur where oxygen level is high 
at the apex and at moderate concentration externally. It 
should also be mentioned that fl ooding not only affects 
the concentration of oxygen but also increases the 
concentration of toxic products of respiration in less 
aerobic conditions.

Previous reports on the effects of moisture on rhi-
zomorph formation are contradictory. Armillaria rhizo-
morphs have been reported from mine and water work 
tunnels. Rhizomorphs of A. gallica were shown to grow 
better in moist places in the Ozark Mountains in the USA 
[23, 24]. These would suggest high moisture preferences 
of Armillaria. Low sensitivity of A. gallica to moisture 
in its formation of rhizomorphs has also been reported, 
however [28]. The present results confi rm another recent 
report [29] that rhizomorph length was negatively corre-
lated with volumetric water content (VWC); rhizomorphs 
grew most rapidly with low VWC (<1%). Flooding can, 

Table 3. Coeffi cients of genetic similarity (S) of RFLP patterns between DNA from rhizomorph/mycelium samples and testers.

Pairing Alu I TaqI MspI BsmI

A. borealis with A. borealis tester 0. 3333 0. 3333, 0. 6666

A. cepistipes with A. cepistipes tester 0. 3333,  0.6666 0, 0. 3333 

A. gallica  with A. gallica  tester 0, 0.3333, 0.5714

A. solidipes with A. solidipes tester 0. 3333 0. 3333 0.8000

A. borealis with A. borealis 1.0 0. 3333 1.0

A. cepistipes with A. cepistipes 0. 3333, 1.0 0.6666, 1.0 0.6666, 0.8000

A. gallica  with A. gallica  0, 0.2857, 0. 3333, 1.0
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however, still be considered to be a short-term inciter and 
stress inducer occurring between “primary” factors and 
“secondary” agents, predisposing the tree to infection.

The pathological potential of species of Armillaria is 
not completely clear. It seems justifi ed to consider even 
the pathogenic species to be “opportunistic and second-
ary” (requiring stress-induced predisposition of the host 
tree) rather than as “non-opportunistic and primary patho-
gens.” Armillaria gallica has been considered to be an 
opportunistic pathogen with a low level of aggressiveness 
and inability to colonize vigorously growing hosts [30]. In 
sites where A. solidipes accompanies A. gallica, the for-
mer plays a more signifi cant role in the decline of oaks. 
However, despite making a very late contribution to the 
disease process, A. gallica was actively involved in the 
decline of 20-year-old oaks following defoliation [22]. 
Also, it has been found that all trees harbouring A. gal-
lica died, suggesting earlier successful infection followed 
by death [24]. This fungus has been considered to be one 
of the primary disturbance agents in temperate, mixed oak 
forests [31, 32]. In Wołów, Armillaria disease seems to 
be stress-related and “secondary.” The future of colonized 
and non-colonized trees will depend on soil moisture. 
Those trees not infected by Armillaria may recover in the 
later absence of this stress factor, while those infected may 
suffer.

While other Armillaria species depend more on root-
to-root contact for the spread of mycelia and coloniza-
tion of plants, A. gallica depends more on penetration of 
roots by rhizomorphs [33]. Armillaria gallica generally 
prefers warmer sites. Its hyphal growth is greater at high-
er temperatures [34], and so the growth of rhizomorphs 
may be generally favoured by the mild winters and warm 
summers of Lower Silesia. Rhizomorphs can completely 
cover roots of healthy trees and may: i) infect when condi-
tions become suitable and ii) help the fungus to compete 
with other fungi for resources. Thus, the fungus may re-
duce the activity of other more virulent Armillaria spe-
cies [23]. When A. solidipes and A. gallica co-occur in 
the same forest, infection of root systems by A. gallica 
may reduce damage or prevent infection by A. solidipes 
[35]. Successful competition may be the reason that 
other Armillaria species were rarely detected in Wołów. 
Armillaria cepistipes and A. borealis, which occurred 
rarely in this or other studies [21], are weak plant patho-
gens. The former is considered to be the least dangerous 
pathogen among all Armillaria species. These two species 
are almost completely indistinguishable from each other 
in behaviour and appearance. Armillaria cepistipes (on 
beech), occurring most frequent at elevations above 600 
m, is considered to be a mountain species, while A. gallica 
(on oak, in alluvial forests) is a lowland species. Despite 
their differences in ecological preferences, they can occur 
sympatrically [11].

Armillaria borealis was found at two sites in Wołów. 
This is the fi rst record of A. borealis in southern Poland. So 
far the species had been recorded from northern and central 
parts of Poland (at least 300 km apart, between 53○70’ and 
52○ N and 18○10’ and 22○50’ E) [36]. However, this species 

is not restricted to northern Europe, having been recorded 
also in more southern latitudes in Europe [37].

Armillaria rhizomorphs were absent from two sites (6 
and 9), and occurred at greatest density at fl ooded site 2 in 
amounts comparable with the non-fl ooded control. Sites 
6 and 9 were covered by younger trees less than 50 years 
old, but with soil habitat similar to that at other sites. They 
were, however, located very close to the river (500 and 
270 m). Site 2 was located 850 m from the river and was 
partly surrounded by a tall soil embankment that could 
have limited the amount and duration of fl ooding. When 
results from this unusual site are excluded from the calcu-
lations, the mean number of rhizomorphs from sites fl ood-
ed twice (3.5) is similar to that from sites fl ooded only 
once (3.0). Differences in rhizomorph density in locations 
close to each other suggest that the rhizomorph network of 
A. gallica has large spatial and temporal variability, which 
may result from changes in the environment and occur 
quickly [38].

Restriction fragment length polymorphisms (RFLP) 
of the IGS-1 rDNA were used here for Armillaria iden-
tifi cation. This region has been used successfully for 
distinguishing most species in other studies on Armil-
laria [16, 17, 39-43] . The restriction enzyme TagI, used 
in this study, has rarely been used previously and its pat-
terns are not well known [17]. Armillaria cepistipes gave 
a rare pattern with AluI (410 240 190), which was known 
previously only from Japanese isolates of this fungus [14]. 
The similarity of patterns for A. borealis and A. solidipes 
using AluI and TaqI necessitated the use of an additional 
functionally effi cient enzyme, BsmI.

Studies on population genetics have shown that 
A. gallica genets grow mitotically from a single point of 
origin and eventually occupy territories that include many 
adjacent root systems over large areas (several hectares) 
of forest fl oor. A single genet was found to occupy at 
least 15 ha in northern Michigan, with an estimated age 
of more than 1,500 years. Based on the low mutation 
rates observed in large, long-lived individuals, A. gallica 
should have an especially stable genome and genetic 
stability [44]. In the present study, however, four AluI, 
two TaqI, and seven MspI patterns were obtained for 
A. gallica, which indicate relatively high polymorphism in 
its IGS-1 rDNA. This suggests that the mixed oak forest 
landscape in Lower Silesia is composed of numerous A. 
gallica genets and each occupies a relatively small area. 
The existence of possible ecologically relevant genetic 
variation within vegetative individuals of A. gallica at 
smaller or broader geographic scales has been observed 
previously [45, 46]. This suggests that a process similar 
to evolutionary adaptation can take place within the soma 
of a genetic individual of the fungus. Armillaria gallica 
was reported to possess among-cell genetic variation for 
response to changes in environmental variables, i.e., pH, 
temperature, and water potential [45]. Differences in cell-
line genotypes cause differences in rates of growth and 
reproduction. Genotypes have potential for local change of 
allele frequencies that allow dynamic mycelial boundaries 
to re-confi gure themselves in response to local conditions. 
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In this scenario, genetic mosaicism in association with 
selection may produce genetically different individuals. 

Genetic diversity in soil-borne fungi is strongly related 
to climatic factors, mostly temperature and precipitation. 
Both infl uence the frequency and abundance of sporulation. 
High genotypic variation in populations of A. gallica may 
result from the mild climate in Lower Silesia. A long period 
of vegetation stimulates the production of fruit bodies and 
formation of new genets, and increases the competition 
between genets. The annual precipitation in this region is 
not high (612 mm). The rainfall occurs, however, mostly 
in August-October, when mild temperatures persist and 
annual fungi are most likely to fruit and basidiospores 
to spread. Effects of periodic fl ooding on interspecies 
variation cannot be discounted. Wetter forest types caused 
greater species diversity in Armillaria in eastern states of 
the USA [32].

Conclusions 

These results, and comparison with those from other 
Armillaria population studies, suggest that fl ooding tends 
to decrease the abundance of soil rhizomorphs but does not 
affect the diversity of Armillaria species. The decreased 
abundance of Armillaria rhizomorphs in soil subjected 
to fl ooding may be part of the general loss of fungi that 
is associated with fl ooded soil syndrome. Flooding may 
still be considered, however, to be a short-term inciter and 
stress inducer, occurring between “primary” factors and 
“secondary” agents that predispose the tree to infection.
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